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Introduction
The nuclear pore complex (NPC) is the unique selective gate for the bidirectional transport of macromolecules across the nuclear envelope. NPC is also one of the largest assemblies of defined structure in the cell, with a size of 50 MD. NPCs are common to all eukaryotes and are composed of 30 distinct nucleoporins (Nups), a broadly conserved set of proteins that have been fully cataloged in both yeast and vertebrates (Rout et al., 2000; Cronshaw et al., 2002; Alber et al., 2007) . NPCs are organized in five distinct substructures composed of precise Nups subcomplexes and corresponding to specific locations and functions. The membrane ring composed of transmembrane proteins anchors the NPC in the nuclear envelope, whereas outer and inner rings form the NPC core scaffold and are connected by linker Nups. Nups containing FG (phenylalanine/ glycine) repeats are mainly responsible for the transport func tion of the NPC by mediating interactions between the NPC and transport receptors (Alber et al., 2007) .
Although research has revealed much about the molecular architecture and roles of the NPC subcomplexes, little is known about the regulation of NPC functions by posttranslational modifications. Phosphorylation of Nups by mitotic kinases, in cluding Cdk1 or NIMArelated kinases, has been proposed to mediate NPC disassembly during prophase (Macaulay et al., 1995; Glavy et al., 1997 Glavy et al., , 2007 Onischenko et al., 2005; Lusk et al., 2007; Laurell et al., 2011) . Function of the NPC in nuclear trans port is also regulated via phosphorylation of FGNups by extra cellular signal-regulated kinase (Kosako et al., 2009) . In higher eukaryotes, Nup96 is ubiquitylated and degraded by the protea some in a cell cycle-dependent manner (Chakraborty et al., 2008) . Highthroughput datasets of ubiquitylated proteins only identified some yeast Nups as being modified (Nup84, Nup145, Nup120, Nup157, Nup60, and Nic96) without validation nor precise information on the extent of ubiquitylation and functions of such modifications (Hitchcock et al., 2003; Peng et al., 2003) .
In this work, we systematically analyze ubiquitylation of the yeast NPC and find that more than half of NPC proteins are conjugated to ubiquitin. These modifications are not simply related to proteasomedependent protein turnover of the NPC but, as exemplified by Nup159 ubiquitylation, participate to the cell cycle progression. N uclear pore complexes (NPCs) correspond to large protein transport complexes responsible for selective nucleocytoplasmic exchange. Although research has revealed much about the molecular architecture and roles of the NPC subcomplexes, little is known about the regulation of NPC functions by posttranslational modifications. We used a systematic approach to show that more than half of NPC proteins were conjugated to ubiquitin. In particular, Nup159, a nucleoporin exclusively located on the cytoplasmic side of the NPC, was monoubiquitylated by the Cdc34/SCF (Skp1-Cdc53-F-box E3 ligase) enzymes. Preventing this modification had no consequences on nuclear transport or NPC organization but strongly affected the ability of Nup159 to target the dynein light chain to the NPC. This led to defects in nuclear segregation at the onset of mitosis. Thus, defining ubiquitylation of the yeast NPC highlights yet-unexplored functions of this essential organelle in cell division.
Ubiquitylation of the nuclear pore complex controls nuclear migration during mitosis in S. cerevisiae the ability of nup159K897RHA to be modified in vivo, thus confirming that K897 represents the major ubiquitylation site (Fig. 2 B) . The residual monoubiquitylation of nup159K897R could result either from an alternative ubiquitylation site or a ubiquitylation site artificially unmasked by the K897R mutation. Mutation of K897 did not affect the expression level of Nup159, indicating that ubiquitylation of Nup159 is probably not involved in targeting this Nup to the protea somemediated degradation pathway (Fig. 2 B) . Accord ingly, turnover measurements assessed by cycloheximide chase experiments indicate that both Nup159 and its ubiq uitylated form are highly stable (unpublished data). Grr1 is one of the adaptor subunits that recruit specific substrates to the SCF (for Skp1-Cdc53-Fbox) E3 ligase, which in turn specifically recruits the Cdc34conjugating enzyme (Skowyra et al., 1997) . Analysis of a thermosensitive mu tant of Cdc34 indicated that ubiquitylation of Nup159 is controlled by Cdc34 and SCF (Fig. 2 C) . It is unclear whether ubiquitylation of Nup159 is directly catalyzed by the Cdc34/SCF enzymes or results from an indirect Cdc34/SCF dependent ubiquitylation pathway. However, the presence of the STVS 889 motif and S889 phosphorylation eight resi dues downstream of K897 suggests that Grr1 may directly recognize Nup159 (Albuquerque et al., 2008) . Because of the pleiotropic effects of both SCF and Cdc34, we ana lyzed the role of Nup159 modification essentially using the K897R mutant. To unravel the function of Nup159 ubiquitylation, we first analyzed the consequences of posttranslational modification on Nup159 localization and NPC distribution. For this pur pose, wildtype (wt) and mutant forms of Nup159 were genomically tagged with mCherry in strains expressing a GFPtagged version of Nup60, a Nup exclusively located on the nucleoplasmic face of the NPC. To gain a spatial resolution sufficient to distinguish both Nups, highresolution structured illumination microscopy (SIM) was used to ana lyze fixed spheroplasts (Gustafsson et al., 2008) . This approach allowed us to differentiate Nup60GFP from Nup159mCherry (Fig. 2 D) , with an apparent distance be tween the centroids of fluorescence spots of 90 nm, consistent with the previously estimated distance of 50 nm and confirming their relative distribution within the NPC (Rout et al., 2000; Alber et al., 2007) . Preventing ubiquity lation of Nup159 did not alter the relative localization with respect to Nup60 (Fig. 2 D) or the overall NPC distribu tion as visualized by expression of Nup49GFP or Nup159 GFP (Fig. S3, A and B) . Although Nup159 plays an essential role in mRNA export through its ability to recruit Dbp5, FISH assay using oligodT probes did not reveal any significant export defect in nup159K897Rexpressing cells (Fig. S3 C) , consistent with the absence of any growth defect in these cells at different temperatures (from 23 to 39°C; unpub lished data). In contrast, the targeting of genomically tagged
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Systematic analysis of NPC ubiquitylation
To analyze systematically modification of the NPC by ubiq uitin, we generated a library of strains expressing a genomi cally HAtagged version of each Nup. Expression of an inducible Histagged version of ubiquitin in each of these strains allowed the purification of corresponding cellular ubiquitylated proteins on nickel columns and subsequent Western blotting analysis to detect ubiquitylated HAtagged Nups (VitalianoPrunier et al., 2008) . This systematic ap proach revealed that 6 out of 12 Nups containing FG repeats were conjugated with ubiquitin, with four FGNups being essentially monoubiquitylated. We found no correlation between modification and localization of Nups within the NPC (Fig. 1 , A and C; and Fig. S1 ). In contrast, none of the transmembrane proteins anchoring the NPC in the nuclear envelope was modified, suggesting that accessibility for the conjugation machinery is required for ubiquitylation to occur ( Fig. 1 , B and C). The complete analysis of every Nups reveals that at least half of the Nups harbor a modification by ubiquitin, either a monoubiquitylation or a pluriubiquity lation corresponding to either a ubiquitin chain or distinct monoubiquitylated sites ( Fig. 1 C, Fig. S1 , and Fig. S2 ). Our present results not only validate but also expand previous hits from highthroughput datasets on specific Nups (Nup84, Nup145, Nup120, Nup157, Nup60, and Nic96; Hitchcock et al., 2003; Peng et al., 2003) . In addition, extensive analy sis of NPC ubiquitylation clearly shows that the ubiquity lation profiles of the yeast Nups are highly variable, suggesting that ubiquitylation of the NPC is not simply related to prote asomedependent protein turnover or misfolding but might be associated with broader functions of the NPC.
Nup159 is ubiquitylated on lysine K897 by a Cdc34 and SCF-dependent pathway
To assess the function of ubiquitin modification of the NPC, we focused our attention on Nup159, a FGNup located ex clusively on the cytoplasmic side of the NPC. Besides its central FG repeat domain involved in the interaction with nuclear transport receptors, Nup159 contains an Nterminal domain required for binding to the DEAD box protein Dbp5 (important for the terminal steps of mRNA nuclear export) as well as a Cterminal coiledcoil domain involved in the assembly of the Nup82-Nup159-Nsp1 complex and NPC organization (Del Priore et al., 1997; Belgareh et al., 1998; Weirich et al., 2004) . Between these N and Cterminal do mains, Nup159 contains a tandem of six consensus binding motifs for dynein light chain (Dyn2) that mediates the func tional interaction of Dyn2 with the NPC (Fig. 2 A; Stelter et al., 2007) . Dyn2 was proposed to promote dimerization of the Nup82-Nup159-Nsp1 complex and to stabilize its incor poration into the NPC (Stelter et al., 2007) . A recent large scale proteomic study identified, by mass spectrometry, the lysine residue 897 (K897) of Nup159 as an ubiquitylation site, which is dependent on the Fbox protein Grr1 (Radivojac et al., 2010) . Mutation of K897 into arginine strongly affected mutant. The shift from the permissive to the restrictive tem perature also led to loss of Dyn2GFP at the NPC in cdc34ts cells but not in wt cells (Fig. 2 E and not depicted) . Similarly, localization of Dyn2GFP at the NPC was strongly decreased in grr1 cells (unpublished data). Together these results indicate that SCFmediated ubiquitylation of Nup159 on K897, a residue located at the vicinity of the dyneinbinding Dyn2GFP to the NPC was severely affected in nup159K897R mutant cells, with Dyn2GFP mainly associated with cyto plasmic structures previously identified as peroxisomes as well as foci colocalizing with the dynein complex (Fig. 2 E ; Stelter et al., 2007; StuchellBrereton et al., 2011) . To rule out a conformational effect caused by the K897R mutation, local ization of Dyn2GFP was analyzed in a cdc34 thermosensitive Figure 1 . Ubiquitylation of nucleoporins. Ni-purified 6His-ubiquitin (Ub)-conjugated forms of genomically HA-tagged Nups were extracted from cells transformed (+) or not transformed () with a plasmid encoding 6His-ubiquitin under control of the CUP1 promoter. Cell lysates and Ni-purified material were examined by Western blotting with an anti-HA antibody. Ubiquitin expression and efficiency of purification were controlled using an anti6His antibody (not depicted). Localization of Nups as previously determined (Rout et al., 2000) is indicated on the right (N, nuclear side of the NPC; C, cytoplasmic side of the NPC). domain in the primary sequence but not within this domain, control the ability of Nup159 to recruit the dynein light chain to the NPC in vivo. Although the stoichiometry of Nup159 ubiquitylation cannot be precisely quantified as a result of the extreme instability and dynamics of the ubiquitin conju gation and deconjugation processes, 2D gel electrophoresis analysis suggested that one Nup159 copy per NPC might be ubiquitylated (unpublished data). In addition, a previous structural study on complexes formed by Dyn2 and the dynein interaction domain of Nup159 suggested that five stacked Dyn2 homodimers interact with dimers of Nup159 (Stelter et al., 2007) . These semiquantitative data would thus support ubiquitylation of Nup159 as being a stoichiometric regulator of dynein binding. 
Ubiquitylation of Nup159 participates in the dynein-mediated nuclear segregation pathway
The unique function of dynein described so far in Saccharomyces cerevisiae is to promote a proper mitotic spindle ori entation and position the nucleus at the bud neck during cell division (Eshel et al., 1993; Li et al., 1993; Grava et al., 2006) . To determine whether ubiquitylation of Nup159 could be involved in cell cycle progression, Nup159 and nup159K897R mutant cells were synchronized in G1 with factor, and the DNA content was monitored by FACS analy sis after factor release. This approach did not reveal defects in the kinetics of cell cycle progression in nup159K897R mutant cells (Fig. 3 A) . Ubiquitylation of Nup159 appeared slightly more efficient in synchronized cells compared with unsynchronized cells with appearance of a weak additional modified band, but overall, modification of Nup159 was not significantly affected during the cell cycle (Fig. 3 B) . Be cause dynein is required for mitotic spindle and nuclear po sitioning at the onset of anaphase, and thus impacts the fidelity of nuclear segregation during mitosis, we analyzed the consequences of Nup159 ubiquitylation and Dyn2 de localization from the NPC during mitosis. Nuclei of cells exhibiting a 2C DNA content (accumulated by synchroniza tion with factor and 90min release) were stained with Hoechst and analyzed by fluorescence microscopy. Under this experimental condition, 66% of nuclei from nup159K897R mutant cells did not yet segregate compared with 44% in the wt strain (Fig. 3, C and D) . This defect was confirmed in nonsynchronized nup159K897R mutant cells as well as in a thermosensitive mutant of Nup159, indicating that Nup159 ubiquitylation can control nuclear migration at the onset of mitosis (Table 1) . Deletion of DYN2 also led to deficient dyneindependent spindle positioning and nuclear segrega tion (Table 1; StuchellBrereton et al., 2011) . Accordingly, preventing Nup159 ubiquitylation results in an alteration of spindle positioning (Fig. 3 E) . Together, these results suggest that the ability of Nup159 to target Dyn2 to the pore might be part of the dyneinmediated spindle orientation and nuclear segregation pathway.
In S. cerevisiae, the correct orientation of the spindle with the mother-bud axis and consequent nuclear segregation is not only ensured by the dynein-dynactinmediated pathway but also by a partially redundant pathway using the adenoma tous polyposis coli-related protein Kar9 and its partners Bim1 and the type V myosin Myo2 (Miller and Rose, 1998; Korinek et al., 2000; Lee et al., 2000; Hwang et al., 2003) . To confirm that ubiquitylation of Nup159 facilitates nuclear segregation via the dynein pathway, we analyzed growth and nuclear segrega tion phenotypes in double mutant strains containing a KAR9 deletion in combination with either wt Nup159 or nup159K897R. Mutation of the ubiquitylation site of Nup159 induced a severe growth defect in the kar9 genetic background at 37°C com pared with single mutants. In contrast, no growth phenotype was observed when nup159K897R mutation was combined with deletion of the dynein heavy chain gene DYN1 (Fig. 4 A) . We thus analyzed nuclear positioning in the kar9 nup159K897R cells at 30°C and found that they already exhibited a serious defect in nuclear segregation, cytokinesis, and polarity at 30°C (Fig. 4 B) . In contrast to the double mutant, the nup159K897R cells expressing the Kar9 protein displayed a normal pheno type (unpublished data). The synthetic effect of KAR9 deletion and nup159K897R mutation clearly confirms that ubiquity lation of Nup159 corresponds to an essential event of the dynein pathway.
Our results clearly indicate that NPC is extensively modi fied by ubiquitin conjugation, and the diversity of the ubiquity lation profiles suggests that targeting to the proteasomemediated degradation is not the unique function of these modifications. As exemplified by our study on Nup159, the detailed analysis of Nup ubiquitylation likely offers a tool to unravel functions of Nups whose study is often masked by the essential role of the NPC in nuclear transport. In particular, our results lead us to propose that the NPC is directly involved in the nucleus seg regation in S. cerevisiae, likely by participating in the dyneindynactin pathway. Interestingly, human Nup133 was recently involved in anchoring the dynein-dynactin complex at the NPC in prophase, a mechanism that contributes to the tethering of centro somes at the nuclear envelope (Bolhy et al., 2011) . In many organ isms, effective nuclear positioning and migration rely on the recruitment of different motors, including dynein or kinesins, at the nuclear envelop through interaction with Nups, such as RanBP2, or SUNKASH domain proteins (Tanenbaum et al., 2011) . Deciphering the ubiquitylation pattern of the NPC reveals dropout Leu with G418 plate and incubated at 30°C for 2 d. Diploids were incubated with sporulation buffer (1% potassium acetate, 0.1% yeast extract, and 0.05% glucose) supplemented with the required amino acids at 30°C for 5 d to induce sporulation. After sporulation, a small path of cells was transferred to 100 µl H 2 O and 5 µl Zymolyase (20T; 20 mg/ml) and incubated at 37°C for 5 min. Dissected spores were plated on YPAD (YPD [yeast peptone dextrose] + adenine) plate for 3 d, and their genotypes were analyzed by replicating on appropriate media. Other strains used in this paper are described in Table 2 and Table 3 . 
Purification of ubiquitylated proteins
Materials and methods
Strains and plasmids
The p415-Nup159-HA plasmid was constructed by PCR amplification of the genomic DNA fragment encoding Nup159-HA and cloning in SpeI-XhoI sites. The plasmid encoding Nup159K897R was constructed from p415-Nup159-HA by site-directed mutagenesis using the site-directed mutagenesis kit (QuickChange; Agilent Technologies). These plasmids were transformed into the W303 MATa bar1 strain before deleting the NUP159 chromosomal copy. To combine KAR9 deletion with NUP159 mutation, W303 MATa kar9 and W303 MAT nup159 Nup159-HA or W303 MAT nup159 nup159K897R-HA cells were streaked on a and a high-sensitivity cooled interlined charge-coupled device camera (CoolSNAP HQ2; Photometrics). Rapid and precise z positioning was accomplished by a piezoelectric motor (LVDT; Physik Instrumente) mounted underneath the objective lens. Maximum intensity projections were performed using MetaMorph software (Universal Imaging Corp.). Denoising using the nD-Safir software was performed on all original images (Boulanger et al., 2010) . Identical processing parameters and number of iterations were used.
Statistical analysis
Significance of the differences observed for recruitment between wt and mutant cells was evaluated using Student's t test. No asterisk corresponds to P > 0.05, one asterisk corresponds to p-values between 0.01 and 0.05, and two asterisks correspond to p-values between 0.001 and 0.01.
Online supplemental material Fig. S1 shows ubiquitylation of FG-Nups and Nup84 subcomplex. Fig. S2 shows ubiquitylation of linker Nups, Nup170 subcomplex, Gle1, and Gle2. Fig. S3 shows that ubiquitylation of Nup159 does not control NPC distribution nor mRNA nuclear export. Online supplemental material is available at http://www.jcb.org/cgi/content/full/jcb.201108124/DC1.
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Submitted: 22 August 2011 Accepted: 6 December 2011 lysis buffer and incubated for 2 h at room temperature. The beads were washed with 8 M urea, 0.1 M Na 2 HPO 4 /NaH 2 PO 4 , 0.01 M Tris-HCl, pH 6.3, 10 mM -mercaptoethanol, and 0.2% Triton X-100 before elution and Western blot analysis using anti-HA and anti-His6 antibodies (Vitaliano-Prunier et al., 2008) . For the time course experiment, cells were first lysed and precipitated in TCA before purification of ubiquitylated proteins as previously described in Ziv et al. (2011) .
Flow cytometry analysis
Yeast cells were synchronized by treatment with 50 ng/ml -factor for 3 h before washing. One million cells per condition were fixed in 70% ethanol overnight, treated overnight with 0.1 mg/ml RNase A at 37°C and 5 mg/ml pepsin for 20 min at 37°C, and then stained with 10 µM SYTOX green (Invitrogen) before flow cytometry analysis (Babour et al., 2010) .
High-resolution SIM For SIM, yeast cells coexpressing genomically tagged Nup60-GFP and wt or a K897R mutant of Nup159-mCherry were fixed in 4% PFA. Spheroplasts were obtained with 0.5 µg/µl Zymolyase 100T and mounted on poly-l-lysine-coated coverslips. Acquisitions were performed in 2D SIM mode with a microscope (N-SIM; Nikon) before image reconstruction using the NIS-Elements software (Nikon; based on Gustafsson et al., 2008) . The system is equipped with an Apochromat total internal reflection fluorescence 100× 1.49 NA oil immersion, a laser illumination (488 nm at 200 mW and 561 nm at 100 mW), and an EM charge-coupled device camera (DU-897; Andor).
Fluorescence microscopy
Yeast cells were fixed with 70% ethanol and stained with Hoechst 33342. Cdc34 mutant cells expressing genomically tagged Dyn2-GFP were incubated at 25°C overnight and shifted to 37°C for 2 h before fixation. Wide-field fluorescence images were acquired using a microscope (DMR; Leica) with a 100× Plan Apochromat HCX oil immersion objective 
